Introduction
The sheep is the preferred animal to study human musculoskeletal conditions due to its body size and musculoskeletal mechanical characteristics being more comparable to those of the human. For example, the presence of Haversian channels and the phenomena of cortical remodeling in its bone structure, its phylogenetic proximity to the human species, their reproductive capacity and their generally docile and cooperative temperament [1] . Hence, sheep musculoskeletal models are a suitable animal model, but despite these similarities, to date, there are no studies that relate the sheep model with metabolic diseases in the musculoskeletal system, such as osteoporosis.
Due to associated complications of osteoporosis and related bone fractures, this disease is presenting a major public health burden [2] . Various animal models have been established and used to investigate the pathogenesis of osteoporosis and to facilitate the preclinical testing of new experimental drug therapy treatments, such as antiresorptive drugs [2] . Animal models' are currently used for the demonstration of benefit of any new modality sufficiently different from the standard treatment [2] . Animal models provide more uniform experimental material and allow a comprehensive study of potential therapies [3] . This minimizes the limitations associated with studying the disease in humans, namely the diversity in their lifestyles [3] . Moreover, high costs and long duration of clinical trials make the animal model very feasible for the study of osteoporosis upon [4] .
Thus, to assess the effect of a treatment in sheep with osteoporosis, most of the studies conducted in other animals, use parameters related with bones properties, essential to measure bone mineral density and diagnosis osteoporosis, but this only give us information about the bone structure and does not evaluate the functional impairment [5, 6] . Due to this limitation, and since sheep have been identified as ideal for studies related to osteoporosis [4] , it´s important to identify functional biomechanical outcome measures that could also be used to assess the effects of new therapies on these animals, similar to completed studies with rats [7] [8] [9] [10] [11] .
In sheep, gait is an important function of animals and engages all behaviors, such as active foraging for food sources, movement to avoid a stressful environment, and finding a mate [12] . Hence, gait analysis being a functional parameter and a non-invasive method, could be an important biomechanical tool in research and clinical applications, as an outcome indicator to guide the course of treatment [13] , and to compare the effects of alternative therapies [13, 14] . Thus, in this review we identify the biomechanical outcome measures that have been reported to relate to sheep gait assessment.
Materials and Methods
Search Strategy. To identify the articles that may be included in this review, the Database used was PubMed, and the terms were "kinematic(s)", "ovine", "sheep" and "gait". The combinations of the terms used were: ["kinematic" and " Eligibility Criteria. Inclusion and exclusion criteria for this systematic review were determined a priori. Inclusion criteria were studies (1) related to sheep and studies (2) with outcome measures related with in vivo physical / functional performance assessed during gait. Exclusion criteria were studies (1) related with cardiovascular disease and sperm properties, studies that (2) include other animals (unless sheep, lambs, ewe or ram) in their study population; and studies (3) with outcomes measures not related with limbs evaluation, (4) based on in vitro gait analysis (robot) and also (5) have only evaluated bone properties.
Data extraction and quality appraisal. After removal of the excluded articles based on PRISMA, data extraction was standardized according to the following terms: (i) first author and year, (ii) aim of the study, (iii) population number, (iv) measurement tools, and the (v) functional parameters evaluated.
To assess the quality of the articles included, it´s necessary to consider that in studies with animal models there is a guideline to follow named ARRIVE, created in 2010. This guideline consists of the minimum information that all scientific publications reporting research using animals should include, such as the number and specific characteristics of animals; details of housing and husbandry; experimental, statistical, and analytical methods. All the items in the checklist (20) should be included to promote high-quality, comprehensive reporting to allow an accurate critical review of what was done and what was found [15] .
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Results Fig 1 summarizes the results of the different steps to identify appropriate articles for the review, based on PRISMA guidelines [16] . The database search identified 296 articles, and after duplicate removal, 204 were considered potentially relevant and were screened for relevant content. From them, 59 were excluded for no available access and 136 based on the title and the abstract (articles with "spermatozoon" or "sperm "or "semen" or "spermatozoa" and related with cardiovascular disease), and 105 were retrieved for full-text assessment of eligibility. In the next phase, 77 of the 105 full-text articles were excluded based on the exclusion criteria, specifically studies with outcomes not related with limbs evaluation (n = 38), based on in vitro gait analysis (n = 12) and with only bone properties evaluated (n = 25). Thus, in this review were included 28 articles that were evaluated based on the ARRIVE guidelines. Considering that this guideline was created recently, it was possible to realize that many of the studies do not yet present all the items. However, none of the studies were excluded from the review because the objective of the review is to identify which parameters were considered by the authors and not the content of the articles (Table 1 ). 
Duda et al.[17]
Title Abstract [26] and Taylor et al. [23] only calculated the maximum GRF of the affected limb, like Frank et al. [36] , but in their study they normalized to the body weight. Oddy et al. [20] , Pendegrass et al. [28] using a custom-written software, calculated the mean peak vertical GRF for hind limbs, normalized for the weight of the animal and presented the result as a percentage of the contralateral hind limb, while Beveridge et al. [31] , Tapper et al. [18] and Tapper et al. [22] only calculated hind limbs peak vertical GRF. Seebeck et al. [13] , Herfat et al. [32] , Duda et al. [17] , Cake at al. [38] and Cake et al. [24] recorded for all four limbs the peak vertical GRF, normalizing after to the animal´s bodyweight. Mora-Macías et al. [41] , Pendegrass et al. [21] , measure the vertical GRF for each limb and normalized to the sheep weight, in order to calculate the symmetry index. Shelton et al. [34] , Kim et al. [27] and Agostinho et al. [35] recorded for all limb the peak vertical GRF as the animal moved through the gait cycle and then obtain the peak vertical force weight distribution for each limb, minimizing the influence of both weight and the velocity of the animal.
Related to stance and swing phase duration. The stance phase can be calculated as a percentage of the gait cycle dividing the time the animal was in stance phase by the time it took to complete one gait cycle (Shelton et al. [34] , Tapper et al. [22] and Tapper et al. [30] ), only the single hind limb stance duration (Herfat et al. [32] ) or the duration of stance and swing phases, and then represent them in percentage of total gait cycle (Safayi et [39] in their study recorded the positional change in sagittal plane of reflective markers strategically placed, calculating the range of movement of flexion/extension at the stifle joint, while Beveridge et al. [31] , in their study analyzed changes in abduction/adduction at stifle joint during gait cycle. On the other way, Tapper et al. [30] , Frank et al. [36] , O´Brien et al. [37] , Tapper et al. [18] , Tapper et al. [22] and Darcy et al. [25] , by the method detailed by Grood et al. [44] , described the angular kinematics of the stifle joint during distinct times during the gait cycle, using three joint angles: flexion/extension, abduction/adduction and external/internal rotation. The synthesis of the data extraction from all included articles is present in Table 2 .
252
Direct Digital Manufacturing and Polymers [13] 64 X X X Maximum GRF, maximum contact area and contact time while walk. Kaspar et al. [19] 12 X Maximum force, contact area, and contact time.
Epari et al.
[26] 6 X X Mean peak GRF during gait cycle.
MoraMacías et al.
[41]
6 X The peak, the mean and the impulse of the VGRF were calculated during the stance phase for each limb.
Oddy et al.
[20] 26 X X X Mean peak VGRF; stifle joint angle during gait; gait speed. Pendegrass et al. [21] 8 X Mean peak VGRF.
Pendegrass et al.
[28] 12 X Mean peak VGRF.
Cake et al.
[24] 18 X Mean VGRF.
Beveridge et al. [31] 9 X X X Peak VGRF; stifle joint angles during gait cycle.
Shelton et al.
[34] 9 X X Peak VGRF; stride length and stance phase.
Cake et al.
[38] 24 X Peak VGRF.
Tapper et al.
[30] 8 X X Period of the gait cycle; duration of the stance phase; angular velocity of stifle joint.
Herfat et al.
[32] 10 X X Fore and hind limb average VGRFs, peak hind limb VGRF and single hind limb stance duration during the gait cycle. Frank et al. [36] 35 X X X Peak VGRF; angular kinematics of the stifle joint during gait cycle and average stride. O´Brien et al. [37] 29 X X Stifle joint angles during gait cycle Safayi et al. [42] 17 X X X Stride duration; stance duration; swing duration; percentage of stance and swing; swing velocity of hoof; range of hoof elevation at swing phase; distance between lateral limbs; hock joint flexion-extension range during stance and swing; hock joint angular velocity during stance and swing.
Wilson et al.
[43] 6 X X Gait cycle duration; stance duration; swing duration; ratio of stance and swing to stride; distance between contralateral limbs; lateral deviation of hoof during swing; forward velocity of hoof during swing; vertical velocity of hoof during swing; range of hoof height during swing; stride length; min hock joint angle during stance; max hock joint angle during stance; full range of hock joint during swing; hock joint angular velocity during swing. Duda et al. [17] 7 X 3D -GRF.
Tapper et al.
[18] 5 X X X X Peak VGRF; stifle joint angle during gait; gait cycle duration
Tapper et al. [22] 8 X X X Stride times and timing of the stance and swing phases of the gait cycle; stifle joint angles and angular velocity; peak VGRF during loading, peak posterior GRF during loading, peak anterior GRF during pushoff, and peak medial GRF during push-off.
Taylor et al.
[23] 3 X X X Average peak of GRFs; hip and stifle flexion / extension during gait cycle. Darcy et al. [25] 4 X X X Stifle joint translations and rotations durance the gait cycle.
Kim et al.
[27] 7 X X Gait cycle duration; stance phase duration; swing phase duration; stride length; limb velocity; peak VGRF; vertical impulse. Polk et al. [29] 15 X X Stifle joint angle during gait.
Hobbs-Chell et al. [33] 10 X Time taken in seconds to travel 10 m; number of strides taken in 10 m; stride length and limb velocity.
Agostinho et al. [35] 21 X X X Gait cycle time; stance time; swing time; stride length; percentage of stance and swing phases in gait cycle; peak VGRF and vertical impulse.
Faria et al.
[39] 14 X X X Flexion and extension joint angles and angular velocity were determined for the shoulder, elbow, carpal, hip, stifle, and tarsal joints. 
Discussion
Analysing all these outcome measure collected from the 28 studies included, the most recurrent were the calculation of the mean peak (vertical) GRF [13, [17] [18] [19] [20] [21] [22] [23] [24] [26] [27] [28] 31, 32, [34] [35] [36] 38, 41] , gait cycle duration [18, 27, 30, 35, 37, 41, 43] , stance -swing phase duration [27, 30, 32, 34, 35, [41] [42] [43] , percentage of stance/swing phase in gait [22, 35, 40, 42] , stride length [27, [33] [34] [35] [36] 40, 43] and the stifle joint angles during gait [22, 23, 25, [29] [30] [31] 36, 37, 39] . The fact that several of these parameters were measured simultaneously, allowed a more complete conclusion once all parameters are related with each other [35] . Hence, in future studies performed in sheep with osteoporosis, it should be considered to use more than one biomechanical parameter. These parameters might be also used to assess the effects of different treatment. However, it´s important to consider that some of these parameters have a large variability of results, like the percentage of stance/swing phase during gait, not being recommend drawing conclusions based on the isolated parameter. Agostinho et al. [35] and Kim et al. [27] in their studies with healthy sheep concluded that for the forelimb, the stance phase ranges between 58,86 -66,31% and swing phase from 41,49 -33,69%; and for hind limbs the stance phase ranged between 61,88 -68,89% and swing phase from 31,11 -38,85%. However, although parameters related to gait analysis seem to be the best evaluation in this animal model, the methods already used in sheep to measure those can have limitations. It is very important to plan an habituation period with this kind of equipment (treadmill / pressure sensitive walking or walking guided for a halter), that normally occur several days before the trials [27] . Additionally, the average speed of the treadmill in most of the studies were 1 m/s because a velocity between 1,1 -1,3 m/s was considered comfortable for the sheep (while for cats and dogs the velocity range from 0,6 -0,81 and 0,5 -1,14 m/s respectively). Yet, this may not be enough to abolish the stress, making the sheep difficult to analyze or even refuse to walk [27] . The presence of osteoporosis can have serious implications because this increases the risk of fallsthe major cause of unintentional injury and hospitalization in people over 65 years [45, 46] . In 2010, 27 million Europeans were estimated to have osteoporosis, being over 80% women [47] . These disease is characterized by low bone mass and a disruption of the normal trabecular architecture, leading to increased bone fragility and a rise of the risk of sustaining fractures from falls [48, 49] . In fact, fractures represent the most profound consequences of reduced bone mineral density [45, 46] .
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In many patients, this may cause loss of independence, aggravation of pain and a deterioration in health-related quality of life, which may be associated with limitations in activities and the restriction of their participation [50] . One of the most common is fracture of the hip, with slow recovery and rehabilitation often incomplete, leading many patients permanently to a nursing home [50] . Therefore, due to the increasing threat posed by osteoporosis, there is a need to search for new and better drugs that inhibit its development. To test them it has become necessary to find an animal model, which will allow further progress in work to control the disease [4] . The exclusive evaluation of the bone structure makes the assessment incomplete, because we don´t provide information about the impact of therapy in the daily life of the animal, for example, how therapy affects the capacity of movement, or more importantly, if osteoporosis has any kind of impact on the animal's ability to relate to the environment in which it is inserted [27] . So, in order to clarify all these aspects, parameters related to gait analysis of animals, in particular of the sheep, can be an accurate, quantitative, and objective method by which to document limb function during normal activities or to analyze changes that are related with diseases, like the osteoporosis [27] .
Summary
Several methods of bone mass evaluation are assessed in the literature, such as biochemical markers, densitometry, histomorphometry, and bone mechanical testing used for monitoring and evaluation of the animal models in preventive or therapeutic strategies for osteoporosis [51, 52] . However, the study of integrated assessment, like gait biomechanics, is still novel [53] . Due to the negative impact that osteoporosis has on people's lives, it is essential to know the effect of therapies, besides the evaluation of the bone properties, and we should consider parameters related to function and disability in animal models, and to explore the relationship between structure and function [50] . Recently, functional assessments started to be considered in many different animal models like rats, for stroke model [7] , for peripheral nerve injury [8, 11] and others [54] , dogs [53, 55] and minipigs [56] . Since gait assumes the most important task in the sheep routine, evaluation of such parameters should be considered. Through this systematic review, it was possible to notice that in studies already carried out in sheep, parameters like the mean peak VGRF, gait cycle duration, stance/swing phase duration, percentage of stance/swing phase in gait cycle, stride length and the stifle joint angles during gait cycle were already used to evaluate the gait of these ovine to study different orthopedic conditions but not osteoporosis. The development of bone and musculoskeletal models for simulation may also have an important role in the future. [57] Moreover, muscle activity during gait cycle, and the tibiofemoral contact forces could also be related with decrease of bone mineral density and functional impairment. Therefore, the above parameters can be used in future research using sheep with osteoporosis, however more studies are required to prove their reliability in this disease and population.
